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Abstract 
Direct Numerical Simulation (DNS) data obtained from two statistically stationary, 1D, planar, 
weakly turbulent premixed flames are analyzed in order to examine the influence of flame-
generated vorticity on the area of the reaction surface. The two flames are associated with the 
flamelet combustion regime and are characterized by significantly different density ratios, i.e. 
𝜎 = 7.53 and 2.5, with all other things being roughly equal. Results indicate that generation of 
vorticity due to baroclinic torque within flamelets can impede wrinkling the reaction surface, 
reduce its area, and, hence, decrease burning rate. Thus, these results call for revisiting the 
widely-accepted concept of combustion acceleration due to flame-generated turbulence. In 
particular, in the case of 𝜎 = 7.53, the local stretch rate, which quantifies the local rate of an 
increase or decrease in the surface area, is predominantly negative in regions characterized by 
a large magnitude of enstrophy or a large magnitude of baroclinic torque term in the transport 
equation for the enstrophy, with the effect being more pronounced at larger values of the mean 
combustion progress variable. If 𝜎 = 2.5, baroclinic torque weakly effects vorticity field within 
the mean flame brush and the aforementioned effect is not pronounced.  
 
Introduction 
Almost seven decades ago, Karlovitz et al. [1] and Scurlock and Grover [2] put forward a 
seminal concept of combustion acceleration due to flame-generated turbulence in order to 
explain unexpectedly high burning rates obtained in some early experiments. For that purpose, 
they (i) highlighted two different (in the two different papers cited above) physical mechanisms 
of turbulence generation due to combustion-induced thermal expansion and (ii) hypothesized 
that such a flame-generated turbulence significantly increased the flame speed 𝑆𝑇, with the 
influence of the flame-generated turbulence on 𝑆𝑇 being assumed to be basically similar to the 
influence of the incoming turbulence on 𝑆𝑇. Since that pioneering studies, flame-generated 
turbulence and other thermal expansion effects were in the focus of research into premixed 
turbulent combustion, but progress in understanding and modeling them has yet been rather 
moderate, as reviewed elsewhere [3-6]. Nevertheless, to the best of the present authors' 
knowledge, the classical concept [1,2] of combustion acceleration due to flame-generated 
turbulence has never been disputed, at least in the case of weak or moderate turbulence 
associated with a well-pronounced increase in 𝑆𝑇 by the rms turbulent velocity 𝑢′ [7]. 
On the one hand, this concept is indirectly supported by well-documented self-acceleration 
of large-scale laminar flames [8-14], which is commonly attributed to development of the flame 
instabilities [10-14], followed by generation of turbulence due to combustion-induced thermal 
expansion [8,9,15]. On the other hand, certain fundamental issues associated with that concept 
have not yet been resolved properly. 
In particular, first, while the physical mechanisms highlighted by Karlovitz et al. [1] and by 
Scurlock and Grover [2] are relevant to turbulence downstream of the instantaneous flame, 
physical mechanisms of eventual influence of a premixed flame on the turbulent flow upstream 
of the flame have yet been understood poorly. However, since a flame propagates into the 
unburned gas, perturbations of the incoming turbulent flow are required in order for the thermal 
expansion effects to cause self-acceleration of the flame.  
Second, combustion-induced flow perturbations may differ fundamentally from the 
incoming turbulence. For instance, if the flow perturbations are caused by pressure 
perturbations generated due to density drop in the instantaneous flame, then, the flow 
perturbations are expected to be irrotational (potential), whereas the rotational motion 
dominates in a typical constant-density turbulent flow. Indeed, certain DNS data indicate that 
the potential component of the gas velocity is increased (when compared to the rotational 
component) upstream and in vicinity of a premixed flame in a weakly turbulent flow [6].   
Third, rotational perturbations generated due to thermal expansion effects in a flame, e.g., 
vorticity generation due to baroclinic torque [5], and turbulent eddies in the incoming flow may 
affect the flame surface area and, hence, burning rate in opposite directions, i.e., the former 
rotational perturbations may mitigate an increase in the area under the influence of the incoming 
turbulence. To the best of the present authors’ knowledge, such a scenario has never been 
discussed in the turbulent combustion literature. On the contrary, the influence of flame-
generated turbulence on 𝑆𝑇 is typically assumed to be basically equivalent to the influence of 
the incoming turbulence on 𝑆𝑇, i.e., both kinds of turbulence are often considered to increase 
flame speed in a similar manner. 
Nevertheless, there are theoretical and qualitative reasons for hypothesizing the former, 
commonly disregarded scenario, i.e., reduction of flame-surface area, caused by the rotational 
motion induced due to thermal expansion in the flame. First, the well-recognized theory of the 
hydrodynamic instability of a laminar premixed flame [16-19] addresses an infinitely thin flame 
front in a 2D potential flow of unburned reactants and yields the following expressions [5] 
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where 𝜉(𝑦, 𝑡) is perturbation of the 𝑥-coordinate of the laminar flame front; 𝜉0 is the magnitude 
of the initial perturbation of the front shape with respect to 𝜉(𝑦, 0) = 0; 𝛽 > 0 and 𝑘 ≪ 𝜉0
−1 
are the perturbation growth rate and wavenumber, respectively; 𝑆𝐿 is the laminar flame speed, 
𝜎 = 𝜌𝑢 𝜌𝑏⁄  is the density ratio; 𝑢𝑏 and 𝑣𝑏 are the 𝑥 and 𝑦-components of the velocity vector 
𝐮𝑏; and subscripts u and b designate unburned reactants and burned products, respectively. 
Inspection of Eq. (1) shows that (i) ∇ × 𝐮𝑏,𝑝 = 0, (ii) ∇ × 𝐮𝑏,𝑟 ≠ 0, (iii) 𝜎𝑘𝑆𝐿 𝛽⁄ > 1, and, 
therefore, (iv) 𝜉𝑢𝑏,𝑟 < 0. Thus, the rotational component 𝑢𝑏,𝑟 of the axial product velocity 
works to smooth out perturbations of the front shape, i.e., to mitigate the instability. 
Nevertheless, the hydrodynamic instability develops under the influence of the potential flow 
perturbations 𝐮𝑏,𝑝, which overwhelm the rotational ones. At the same time, the hydrodynamic 
instability and appearance of the rotational flow perturbations in the products are inextricably 
linked, as follows from the theory by Landau [16]. 
 
 
 
Figure 1. Generation of vorticity by baroclinic torque in the vicinity of reaction zones (a) 
convex or (b) concave towards unburned gas. 
 
 
Second, to illustrate that flame-generated vorticity can impede growing flame surface area 
and burning velocity in a turbulent flow, let us consider the flow within flamelet preheat zone 
in the vicinity of the reaction zone convex or concave towards unburned gas, see Figs. 1a and 
1b, respectively. Here, the cold boundary of the preheat zone and the reaction surface, i.e., a 
surface characterized by the peak reaction rate, are shown in blue dashed and red solid lines, 
respectively. The turbulent flame is statistically 1D, planar, normal to the 𝑥-axis, and propagates 
from right to left. Since baroclinic torque, i.e., vector-term 𝐁𝛚 = (∇𝜌 × ∇𝑝) 𝜌
2⁄  in the transport 
equation for vorticity 𝛚 = ∇ × 𝐮, is the sole direct cause of vorticity generation due to thermal 
expansion in a premixed turbulent flame [5], let us consider behavior of a transverse (𝜂 = 𝑦 or 
𝜂 = 𝑧) component of this vector-term, as well as behavior of the local pressure and density 
gradients. Here, 𝐮 is the velocity vector, and 𝑝 is the pressure. 
For simplicity, let us assume that the local pressure gradient is parallel to the 𝑥-axis, i.e., 
normal to the mean flame brush. Then, mutual orientation of ∇𝑝 (bold black arrows) and the 
projection of vector ∇𝜌 (see fine black arrows) on the transverse plane shown in Fig. 1a 
indicates that the normal (to the plane) component of the vector 𝐁𝛚 points to (from) the reader 
at positive (negative) values of the local transverse coordinate 𝜂 counted from the transverse 
coordinate of the locally leading point A, see red circle. More specifically, B𝛚,y < 0 if 𝜂 = 𝑧 −
𝑧𝐴 > 0, but B𝛚,y > 0 if 𝜂 = 𝑧 − 𝑧𝐴 < 0, whereas B𝛚,z > 0 if 𝜂 = 𝑦 − 𝑦𝐴 > 0, but B𝛚,z < 0 if 
𝜂 = 𝑦 − 𝑦𝐴 < 0. Here, 𝑦𝐴 and 𝑧𝐴 are the 𝑦 and 𝑧-coordinates of the leading point A. 
Accordingly, baroclinic torque locally works to generate a vortex pair, see violet arcs, with 
a symmetry axis parallel to the 𝑥-axis, see horizontal dashed straight line. Moreover, by virtue 
of the aforementioned orientation of the normal (to the considered plane) component of 𝐁𝛚, the 
axial velocity component 𝑢 associated with such a vortex pair is positive in the vicinity of the 
symmetry axis, see violet arrows. Therefore, the local axial velocity associated with the local 
flame-generated vorticity pushes the leading point inside the mean flame brush, thus, reducing 
the reaction-surface area and, consequently, turbulent burning rate. 
A similar conclusion regarding reduction of the reaction-surface area due to vorticity 
generated by baroclinic torque can be drawn by considering Fig. 1b, where behaviors of the 
vectors ∇𝜌, ∇𝑝, 𝐁𝛚, and 𝝎 and the axial velocity 𝑢 are sketched in the vicinity of a locally 
trailing point A on the reaction surface concave to unburned reactants. 
Thus, both the theory of the hydrodynamic instability of laminar premixed flames and 
physical scenarios sketched in Fig. 1 imply that, contrary to the widely accepted concept of 
combustion acceleration due to flame-generated turbulence [1,2], flame-generated vorticity 
may impede growing reaction-surface area, thus, reducing turbulent burning rate. The major 
goal of the present work is to examine this hypothesis, which has yet been beyond the focus of 
the mainstream research into flame-turbulence interaction. 
To fill this gap, Direct Numerical Simulation (DNS) data generated by two of the present 
authors [20,21] more than 15 years ago will be analyzed. The choice of this DNS database, 
which may appear to be outdated when compared to recent DNS data [22-30] generated in the 
case of complex combustion chemistry and a high ratio of the rms turbulent velocity 𝑢′ to the 
laminar flame speed 𝑆𝐿, requires comments. 
Since the focus of the following discussion is placed on the influence of combustion-
induced thermal expansion on the velocity, pressure, vorticity, and enstrophy fields upstream 
of reaction zones, detailed description of complex combustion chemistry within such zones 
appears to be of secondary importance when compared to two other major requirements. First, 
in order to make the studied thermal expansion effects as strong as possible, heat release and 
density drop should be localized to sufficiently thin zones and the velocity jumps across such 
zones should be sufficiently large when compared to the rms turbulent velocity 𝑢′. In other 
words, the flamelet regime [31-33] of premixed turbulent combustion associated with a low 
𝑢′ 𝑆𝐿⁄  should be addressed. The selected DNS data are indeed associated with this regime, as 
discussed in details elsewhere [34], whereas the vast majority of recent very advanced DNS 
studies attacked other combustion regimes characterized by a large 𝑢′ 𝑆𝐿⁄ . 
Second, to better explore the thermal expansion effects, data obtained at significantly 
different density ratios 𝜎 are required. The selected DNS database does satisfy this requirement, 
because cases of 𝜎 = 2.5 and 7.53 were simulated, with all other things being roughly equal. 
As discussed in details elsewhere [35], such variations in the density ratio offer an opportunity 
to explore two opposite scenarios, which are directly relevant to the major goal of the present 
study. These are; (i) generation of vorticity due to baroclinic torque overwhelms dissipation of 
vorticity due to dilatation and viscous forces, thus, increasing enstrophy within the flame brush 
at 𝜎 = 7.53, but (ii) the dilatation and dissipation effects dominate and reduce enstrophy within 
the flame brush at 𝜎 = 2.5. Therefore, the selected DNS data appear to be fully adequate to the 
major goal of the present work. 
 
Direct Numerical Simulations 
Since the DNS data were discussed in details elsewhere [20,21] and were already used by 
various research groups [34-52], let us restrict ourselves to a very brief summary of those 
compressible 3D simulations. They dealt with statistically 1D and planar, equidiffusive, 
adiabatic flames modeled by unsteady continuity, Navier-Stokes, and energy equations, 
supplemented with the ideal gas state equation and a transport equation for the mass fraction 𝑌 
of a deficient reactant. Temperature-dependence of molecular transport coefficients was taken 
into account, e.g., the kinematic viscosity 𝜈 = 𝜈𝑢(𝑇 𝑇𝑢⁄ )
0.7, where 𝑇 is the temperature. The 
Lewis 𝐿𝑒 and Prandtl 𝑃𝑟 numbers were equal to 1.0 and 0.7, respectively. Combustion 
chemistry was reduced to a single reaction. Therefore, the mixture state was characterized with 
a single combustion progress variable 𝑐 = (𝑇 − 𝑇𝑢) (𝑇𝑏 − 𝑇𝑢)⁄ = 1 − 𝑌 𝑌𝑢⁄ . 
The computational domain was a rectangular box Λ𝑥 × Λ𝑦 × Λ𝑧, where Λ𝑥 = 8 mm and 
Λ𝑦 = Λ𝑧 = 4 mm. It was resolved using a uniform rectangular (2∆𝑥 = ∆𝑦 = ∆𝑧) mesh of 
512 × 128 × 128 points. The flow was periodic in 𝑦 and 𝑧 directions. 
Using an energy spectrum 𝐸(𝜅) proposed by Kraichnan [53], homogeneous isotropic 
turbulence was generated [20] in a separate box and was injected into the computational domain 
through the left boundary 𝑥 = 0. The generated turbulence was characterized [20] by 𝑢′ = 0.53 
m/s and an integral length scale 𝐿 = 3.45 mm. Accordingly, the turbulent Reynolds number 
𝑅𝑒𝑡 = 𝑢′𝐿 𝜈𝑢⁄ = 96. 
At 𝑡 = 0, a planar laminar flame was embedded into statistically the same turbulence 
assigned for the velocity field in the entire computational domain. Subsequently, the mean 
inflow velocity 𝑈 was increased twice, 𝑈(0 ≤ 𝑡 < 𝑡1) = 𝑆𝐿 <  𝑈(𝑡1 ≤ 𝑡 < 𝑡2) < 𝑈(𝑡2 ≤ 𝑡), 
with 𝑈(𝑡2 ≤ 𝑡) being close to the mean turbulent flame speed 𝑆𝑇(𝑡2 ≤ 𝑡 ≤ 𝑡3)̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅  in order to keep 
the flame in the computational domain till the end 𝑡3 of the simulations. 
Three DNS data sets H, M, and L associated with High, Medium, and Low, respectively, 
density ratios 𝜎 were originally generated [20,21]. Since the focus of the present study is placed 
on thermal expansion effects, the following discussion will be restricted to results obtained in 
two cases characterized by the highest and the lowest density ratios, i.e., flame H (𝜎 = 7.53, 
𝑆𝐿 = 0.6 m/s, 𝛿𝐿 = 0.217 mm) and flame L (𝜎 = 2.5, 𝑆𝐿 = 0.416 m/s, 𝛿𝐿 = 0.158 mm). In 
both cases, 𝑆𝑇(𝑡2 ≤ 𝑡 ≤ 𝑡3)̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ 𝑆𝐿⁄ = 1.9. Here, 𝛿𝐿 = (𝑇𝑏 − 𝑇𝑢) max{|∇𝑇|}⁄  is the laminar flame 
thickness. The two flames are well associated with the flamelet combustion regime, e.g., various 
Bray-Moss-Libby (BML) expressions hold in cases H and L, see figures 1-4 in Ref. [34]. 
Since turbulence decays along the direction 𝑥 of the mean flow, the turbulence 
characteristics are slightly different at the leading edges of the H and L-flame brushes, e.g., 
𝑢′ = 0.33 m/s, 𝜆 = 0.43 mm, 𝜂 = 0.075 mm, 𝐷𝑎 = 17.5, and 𝐾𝑎 = 0.06 in case H or 𝑢′ =
0.38 m/s, 𝜆 = 0.47 mm, 𝜂 = 0.084 mm, 𝐷𝑎 = 10.0,  and 𝐾𝑎 = 0.10 in case L. Here, 𝐷𝑎 =
𝜏𝑇 𝜏𝑓⁄  and 𝐾𝑎 = 𝜏𝑓𝑢′ 𝜆⁄  are the Damköhler and Karlovitz numbers, respectively, 𝜏𝑓 =
𝜈𝑢 (𝑃𝑟𝑆𝐿
2)⁄  and 𝜏𝑇 = ?̅?
3 2⁄ 𝜀̅⁄  are flame and turbulence time scales, respectively, 𝜆 =
𝑢′ √15 𝜈 𝜀̅⁄⁄  and 𝜂 = (𝜈3 𝜀̅⁄ )1 4⁄  are the Taylor and Kolmogorov length scales, respectively, 
𝑘 = (𝑢𝑗𝑢𝑗 − ?̅?𝑗?̅?𝑗) 2⁄  and 𝜀 = 2𝜈𝑆𝑖𝑗𝑆𝑖𝑗 are the turbulent kinetic energy and its dissipation rate, 
respectively, 𝑢′ = (2?̅? 3⁄ )
1 2⁄
 is the rms turbulent velocity, 𝑆𝑖𝑗 = 0.5(𝜕𝑢𝑖 𝜕𝑥𝑗⁄ + 𝜕𝑢𝑗 𝜕𝑥𝑖⁄ ) is 
the rate-of-strain tensor, and the summation convention applies for repeated indexes. 
The DNS data were processed as follows. Mean quantities ?̅? = ?̅?(𝑥) were averaged over a 
transverse plane of 𝑥 =const and over time (221 and 200 snapshots in cases H and L, 
respectively, stored during a time interval of 𝑡3 − 𝑡2 ≈ 1.5 𝐿 𝑢0
′⁄ ≈ 10 ms). Subsequently, 𝑥-
dependencies were mapped to 𝑐̅-dependencies using the spatial profiles of the Reynolds-
averaged combustion progress variable 𝑐̅(𝑥). 
 
Results and Discussion 
Since the rate of an increase (or decrease) in the local area 𝐴∗ of an iso-scalar surface 𝑐(𝐱, 𝑡) =
𝑐∗is well known to be controlled by the local stretch rate ?̇? = ∇ ∙ 𝐮 − 𝐧𝐧: 𝛁𝐮 + 𝑆𝑑∇ ∙ 𝐧 [17,54-
56], i.e., 𝑑ln𝐴∗ 𝑑𝑡⁄ = ?̇?, the focus of the following discussion will be placed on the joint 
statistics of ?̇? and enstrophy Ω = 𝛚 ∙ 𝛚 or baroclinic torque term 𝐵Ω = 𝛚 ∙ 𝐁𝛚 in the transport 
equation for the enstrophy [35]. Here, 𝐧 = −∇𝑐 |∇𝑐|⁄   is the unit vector normal to the iso-scalar 
surface, 𝑆𝑑 = [∇ ∙ (𝜌𝐷∇𝑐) +𝑊] (𝜌|∇𝑐|)⁄  is the local displacement speed, 𝐷 is the molecular 
diffusivity of c, and 𝑊 is the mass rate of product creation. 
Figure 2 shows that the probability of negative (black solid lines) stretch rates is higher than 
the probability of ?̇?(𝐱, 𝑡) > 0 (red dashed lines) in regions characterized by a large magnitude 
of 𝐵Ω(𝐱, 𝑡). On the contrary, relation between the two computed probabilities is well known to 
be opposite if they are extracted from the entire flame brush and the present DNS data also 
show this, e.g. see Fig. 5b discussed later. Since the rate 𝑑ln𝐴∗ 𝑑𝑡⁄  of an increase or decrease 
in the logarithm of an infinitesimal area 𝐴∗ of a propagating surface is equal to the local stretch 
rate [17,54-56], Fig. 2 indicates that the area of a surface of 𝑐(𝐱, 𝑡) = 𝑐∗ is statistically reduced 
in regions associated with the strongest generation of enstrophy due to baroclinic torque. 
Such a trend is not observed within flamelet preheat zone (𝑐 < 0.65), where the local stretch 
rates are predominantly positive, e.g., see Fig. 3a, but is well pronounced in the vicinity of the 
reaction zone (𝑐 > 0.65), where ?̇?(𝐱, 𝑡) is predominantly negative provided that 𝐵Ω(𝐱, 𝑡) is 
sufficiently large, e.g., see Fig. 3b. Even at the reaction zone, the trend is not pronounced at the 
leading edge of the mean flame brush, e.g., see Fig. 4a, but is well pronounced in the middle of 
the flame brush, e.g., see Fig. 4b, or at larger 𝑐̅(𝑥). 
 
 
Figure 2. Probabilities of positive (red dashed lines) and negative (black solid lines) 
stretch rates conditioned on the local value of baroclinic torque term 𝐵Ω(𝐱, 𝑡) in the transport 
equation for enstrophy. (a) case H, (b) case L. 
 
 
Figure 3. Probabilities of positive (red dashed lines) and negative (black solid lines) 
stretch rates doubly conditioned on (i) the local value of baroclinic torque term 𝐵Ω(𝐱, 𝑡) in the 
transport equation for enstrophy and (ii) the local value of the combustion progress variable. 
(a) 0.20 < 𝑐(𝐱, 𝑡) < 0.30, (b) 0.65 < 𝑐(𝐱, 𝑡) < 0.75. Case H.  
 
 
Thus, the discussed reduction effect of baroclinic torque on the rate 𝑑ln𝐴∗ 𝑑𝑡⁄  is enhanced 
both by 𝑐∗ and 𝑐̅(𝑥). The former trend may be attributed to shortage of time during that 
baroclinic torque has affected fluid particles that reach an iso-scalar surface characterized by a 
low 𝑐∗. The latter trend may be attributed to an increase in the magnitude of 𝐵Ω(𝐱, 𝑡) with 
increasing 𝑐̅(𝑥), e.g., cf. abscissa coordinates in Figs. 4a and 4b. 
Figure 5a shows that, in case H, the probability of negative (black solid line) stretch rates 
is higher than the probability of ?̇?(𝐱, 𝑡) > 0 (red dotted-dashed lines) in regions characterized 
by a large enstrophy Ω(𝐱, 𝑡). A similar trend was already discussed for regions characterized 
by a large magnitude of baroclinic torque term 𝐵Ω(𝐱, 𝑡). However, in case L, results plotted in 
Fig. 5b differ qualitatively from results shown in Fig. 2b, i.e., stretch rates are predominately 
positive independently on Ω(𝐱, 𝑡). This difference between results plotted in Figs. 2b and 5b is 
associated with the fact that the magnitude of 𝐵Ω(𝐱, 𝑡) is much less in case L when compared 
to case H, cf. abscissas in Figs. 2a and 2b. Accordingly, baroclinic torque barely affects the 
vorticity field in case L and the enstrophy decays within the mean flame brush [35]. Thus, 
flame-generated vorticity is weak and plays a minor role in case L. 
 
 
Figure 4. Probabilities of positive (red dashed lines) and negative (black solid lines) 
stretch rates doubly conditioned on (i) the local value of baroclinic torque term 𝐵Ω(𝐱, 𝑡) in the 
transport equation for enstrophy and (ii) the local value of the combustion progress variable 
0.65 < 𝑐(𝐱, 𝑡) < 0.75. The probabilities are evaluated in two different regions of the mean 
flame brush. (a) 0.05 < 𝑐̅(𝑥) < 0.15, (b) 0.45 < 𝑐̅(𝑥) < 0.55. Case H.  
 
 
Figure 5. Probabilities of positive (red dashed lines 2 and 3) and negative (black solid 
lines 1 and 4) stretch rates conditioned on the local value of enstrophy Ω(𝐱, 𝑡). Curves 1-2 and 
3-4 are associated with the positive and negative, respectively, baroclinic torque term 
𝐵Ω(𝐱, 𝑡). (a) case H, (b) case L.  
 
 
To evaluate the contribution of regions characterized by a large magnitude of 𝐵Ω(𝐱, 𝑡) or 
Ω(𝐱, 𝑡) to the evolution of the local areas of various iso-scalar surfaces 𝑐(𝐱, 𝑡) = 𝑐∗, the mean 
rate of an increase in the surface area, conditioned on 𝑐1 < 𝑐(𝐱, 𝑡) < 𝑐2 and 𝑄1 < 𝑄(𝐱, 𝑡) <
𝑄2, was calculated as follows 
 
      ⟨
𝑑Σ
𝑑𝑡
|𝑐1 < 𝑐 < 𝑐2|𝑄1 < 𝑄 < 𝑄2⟩ =
∫ ∭?̇?|∇𝑐|Π(𝑐1<𝑐<𝑐2)Π(𝑄1<𝑄<𝑄2)𝑑𝐱𝑑𝑡
𝑡3
𝑡2
∫ ∭Π(𝑐1<𝑐<𝑐2)Π(𝑄1<𝑄<𝑄2)𝑑𝐱𝑑𝑡
𝑡3
𝑡2
.  (2) 
Here, 𝑄 designates either the baroclinic torque term 𝐵Ω or enstropy Ω, the difference 
Π(𝑞1 < 𝑞 < 𝑞2) ≡ 𝐻(𝑞 − 𝑞2) − 𝐻(𝑞 − 𝑞1) between Heaviside functions 𝐻(𝑞) is equal to 
unity if an arbitrary quantity 𝑞 satisfies the following constraint 𝑞1 < 𝑞 < 𝑞2, but 𝐻(𝑞) 
vanishes otherwise, Σ = |∇𝑐| is flame surface density, and the integral in the numerator 
characterizes the rate of an increase in the surface area, because, for an infinitesimal volume 
𝑑𝑉, the local area 𝛿𝐴∗ = Σ∗𝑑𝑉 and 𝑑(𝛿𝐴∗) 𝑑𝑡⁄ = ?̇?𝛿𝐴∗ = ?̇?|∇𝑐|𝑐=𝑐∗𝑑𝑉. 
Figures 6a and 7a show that, both in the reaction zone (see red solid lines) and in the middle 
of flamelets (orange dotted-dashed lines) in case H, the doubly conditioned rate given by Eq. 
(2) is negative in regions characterized by either a large 𝐵Ω(𝐱, 𝑡) or a large Ω(𝐱, 𝑡), respectively. 
Thus, Figs. 6a and 7a further support the finding that generation of vorticity due to baroclinic 
torque within flame can work to impede increasing the flame-surface area.  
 
 
Figure 6. Doubly conditioned rate of an increase in flame surface area, given by Eq. (2) 
and normalized using 𝐷𝑢 𝑆𝐿
3⁄ , vs. baroclinic torque term 𝐵Ω in the enstrophy transport 
equation. Intervals 𝑐1 < 𝑐(𝐱, 𝑡) < 𝑐2 that the rate is conditioned to are specified in the 
legends. (a) case H, (b) case L. 
 
 
Figure 7. Doubly conditioned rate of an increase in flame surface area, given by Eq. (2) 
and normalized using 𝐷𝑢 𝑆𝐿
3⁄ , vs. enstrophy Ω. Intervals 𝑐1 < 𝑐(𝐱, 𝑡) < 𝑐2 that the rate is 
conditioned to are specified in the legends. (a) case H, (b) case L. 
 
 
The same trend is observed for the reaction zone and the largest 𝐵Ω(𝐱, 𝑡) in case L, see red 
solid line in Fig. 6b, but the discussed rate is positive in regions characterized by the largest 
enstrophy Ω(𝐱, 𝑡), see Fig. 7b. As already discussed above, the latter trend is associated with a 
weak influence of baroclinic torque on enstrophy evolution in case L, in which positive stretch 
rates dominate independently of Ω(𝐱, 𝑡) similarly to constant-density turbulent flows. 
Furthermore, a relative mean bulk rate of an increase in the surface area in volumes 
characterized by 𝑄1 < 𝑄(𝐱, 𝑡) < 𝑄2 when compared to the entire flame brush was evaluated as 
follows 
 
⟨𝛿𝐴|𝑐1 < 𝑐 < 𝑐2|𝑄1 < 𝑄 < 𝑄2⟩ =
∫ ∭?̇?|∇𝑐|Π(𝑐1<𝑐<𝑐2)Π(𝑄1<𝑄<𝑄2)𝑑𝐱𝑑𝑡
𝑡3
𝑡2
∫ ∭?̇?|∇𝑐|Π(𝑐1<𝑐<𝑐2)𝑑𝐱𝑑𝑡
𝑡3
𝑡2
.  (3) 
 
 
Figure 8. Doubly conditioned relative mean bulk rate of an increase in flame surface area, 
given by Eq. (3), vs. enstrophy Ω. Intervals 𝑐1 < 𝑐(𝐱, 𝑡) < 𝑐2 that the rate is conditioned to 
are specified in the legends. (a) case H, (b) case L. 
 
 
Figure 8a shows that, both in the reaction zone (see red solid lines) and in the middle of 
flamelets (orange dotted-dashed lines) in case H, the relative mean bulk rate given by Eq. (3) is 
negative in regions characterized by a large Ω(𝐱, 𝑡), with the magnitude of this negative rate 
being significant. Thus, reduction of reaction-surface area (see red solid lines) by flame-
generated vorticity plays a substantial role in case H. On the contrary, in case L characterized 
by a low density ratio, this physical mechanism is of minor importance, see Fig. 8b. Even if the 
relative mean bulk rate conditioned on the reaction zone is negative in regions characterized by 
a large 𝐵Ω(𝐱, 𝑡) in case L (not shown), the magnitude of this rate is very low due to a weak 
influence of baroclinic torque on enstrophy in case L, as already discussed earlier. 
 
Conclusions  
DNS data analyzed in the present paper indicate that vorticity generation by baroclinic torque 
can impede increasing the area of reaction-zone surface, contrary to the common concept of 
combustion acceleration due to flame-generated turbulence. Such an effect is more pronounced 
at larger values of the mean combustion progress variable 𝑐̅ and at larger density ratios. If the 
density ratio is low, e.g., 𝜎 = 2.5, baroclinic torque weakly effects vorticity field within mean 
flame brush and the aforementioned effect is not observed. 
It is worth stressing that the present work does not aim at claiming that the influence of 
combustion-induced thermal expansion on turbulence reduces the reaction-surface area and, 
hence, burning rate. The potential velocity perturbations can overwhelm the rotational 
perturbations and can result in increasing burning rate, as occurs in the case of a 
hydrodynamically unstable laminar premixed flame [16]. For instance, unburned mixture 
fingers discussed in details elsewhere [42,48] evidence an increase in flame surface area and 
turbulent burning rate due to combustion-induced thermal expansion. 
However, if turbulence is considered to be inherently rotational flow, then, the influence of 
flame-generated turbulence on burning rate appears to be fundamentally different from the 
influence of turbulence in the incoming reactants on the rate. Accordingly, the concept of 
combustion acceleration due to flame-generated turbulence should be revisited and models 
developed for predicting an increase in burning rate by vorticity in the incoming turbulent flow 
are unlikely to be useful for describing a decrease in reaction-surface area and, hence, burning 
rate due to flame-generated vorticity. In other words, the influence of the incoming turbulence 
on burning rate should clearly be distinguished from the influence of flame-generated vorticity 
on the rate and the two effects can be opposite. 
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